A high-titer amphotropic retroviral vector containing the neomycin resistance gene and a hybrid y-I3
normally initiated, spliced, and terminated human globin mRNA. The human globin mRNA level increased 5-to 10-fold upon induction of the mouse erythroleukemia cells. Human globin chains were produced but only in a fraction of the cells as detected by immunofluorescent staining. A similar retrovirus containing a human I3-globin gene was used to transduce mouse erythroleukemia cells resulting in much higher levels of human globin synthesis than detected in mouse erythroleukemia cells transduced with the y-j3 globin virus.
Retroviruses are animal viruses with an RNA genome that can infect a wide variety ofhost cells. After entering cells, the RNA genome is reverse transcribed into DNA, and the double-stranded DNA intermediate integrates with high efficiency into cellular DNA creating the provirus (1) . Integration occurs at specific sites in the viral genome but the insertion sites in the cellular genome are random or semirandom (2) . A large proportion of the retroviral genome can be replaced by inserted genes without compromising their ability to become encapsidated into virions. Furthermore, helper cell lines (3, 4) can package recombinant viruses without contamination by a helper virus. The wide host range, efficient integration mechanisms, and packaging of helperfree recombinant viruses make retroviruses prime candidates to deliver genes efficiently into cultured cells and whole organisms (5, 6) .
Retroviral vectors have been used successfully to deliver genes into hematopoietic stem cells of mice (7) (8) (9) (10) , into hematopoietic progenitor cells of man (11, 12) , and into fertilized mouse eggs to achieve germ-line gene transfer (13) (14) (15) . To achieve efficient gene replacement therapy using retroviral vectors (16) , effective delivery of the gene is a necessary but not a sufficient condition. In addition the gene has to function efficiently and appropriately. A large body of information exists about the effective delivery of genes using retroviral vectors (5, 6) but less is known about appropriate regulation of the transferred genes when they are controlled by tissue-specific promoters. A virus containing a rat growth hormone minigene has been shown to produce inducible rat growth hormone mRNA production (17) . A genomic globin gene has been inserted into a retrovirus, transferred into mouse erythroleukemia (MEL) cells, and shown to result in regulated production ofhuman globin mRNA, but at very low levels (18) . We show here that a different retrovirus, based on the N2 vector (9, 10), containing a genomic human globin gene can, after transfer into MEL cells, express high levels of mRNA in a regulated fashion and in addition lead to production of the human globin polypeptide chain in induced MEL cells. (20) . Viruses containing the neomycin-resistance (neoR) gene were titered on thymidine kinase-negative 3T3 cells (4) using 1 g (dry weight) of G418 per liter (GIBCO). Amphotropic helper virus was detected using the S+L-assay (4).
METHODS
Vector Construction. The plasmid XM5 containing the N2 provirus was provided by E. Gilboa (9, 10 by coculture for 4-18 hr in the presence of polybrene at 5 ,g/ml followed by selection in G418 [1 g/liter (dry weight)]. Individual clones were isolated by limiting dilution.
DNA and RNA Analysis. Southern blot and RNA gel blot analyses were by described methods (20, 22) . S1 nuclease mapping of total cellular RNA (23) was performed using single-stranded 32P-labeled DNA probes (24) . The (26) .
RESULTS
The NG Vector. The NG vector contains two promoters, the viral long terminal repeat and the human -globin promoter, in opposing transcriptional orientations (Fig. 1) . The neoR gene is driven by the long terminal repeat promoter, and the y-P3 globin gene is driven by the -globin promoter. A cell clone called G5 that produces NG virus to high titer (2 x 106 colony-forming units/ml when titered on thymidine kinase negative-3T3 cells selected in G418) was used in all experiments presented here. Two of =10 virus-producing clones had the intact -p globin gene and a titer > 105 colony-forming units/ml. The helper genome in PA 12 cells has been shown to recombine with N2-based vectors (4); the G5 clone produced helper virus with a titer of 104 focus-forming units/ml using the S'L-assay (4) . The f3-globin virus was packaged in PA 317 cells (19) (29, 30) .
NG virus-infected diploid MEL cells were selected in G418 and found to contain the full transcriptional unit of the globin gene integrated into the cellular chromosomes by Southern blot analysis (data not shown). S1 nuclease analysis of RNA from these nonclonal populations of MEL cells showed correctly initiated v-P globin mRNA that can be increased 5-to 10-fold upon hexamethylene bisacetamide (HMBA) induction (data not shown). These results are consistent with studies reporting induction of globin genes transferred into MEL cells by DNA transfection (29, 30) .
To determine whether there was clonal variability in the extent and nature of y,-mRNA expression, individual clones were expanded in tissue culture, and RNA isolated from induced and uninduced cells was analyzed by S1 nuclease mapping (Fig. 2) . Probes were made from the sequence of the hybrid gene itself to determine whether exon 1, 2, and 3 of the hybrid gene were appropriately protected in an S1 nuclease assay. As shown in Fig. 2 mRNA from all clones protected DNA fragments of sizes corresponding to exon 1 (144 bp), exon 2 (222 bp), and exon 3 (261 bp). There did not seem to be a major difference in r-p mRNA levels among the three clones analyzed, all of which contain levels similar to the multiclonal population mentioned above.
We compared the human v-P RNA level to that of the mouse pmaior endogenous genes in the NG-transduced MEL cells by assaying different concentrations of RNA with probes for mouse and human globin transcripts. Fig. 3 shows an S1 nuclease mapping experiment analyzing RNA from the three MEL clones using both mouse pmajor and human v-P globin probes. It Table 1 ). The proportion of cells that are stained with the antibody is low in the multiclonal population (about 1%) and quite variable from one clone to another. Two clones, NG5 and NG9, show 2-5% induction on day 3, which becomes 12-18% on days 5-8. Clone NG11 has <1% of the cells positive for human globin chains despite high levels of 4,8 mRNA (Figs. 3 and 4) . The viability of the cells remained high throughout the induction (Table 1) .
A mixed population of tetraploid MEL cells (not clonal) (25, 26) . Globin transfected (calcium phosphate) with a v-p hybrid gene (30), which is not cloned into a retroviral vector provirus (MEL C in Table 1 ), was also stained with the antibody for comparison. Forty to sixty percent of these cells bound the anti--globin antibody, indicating that the B-p globin chain is stable enough to be detected in the MEL cells. The yf mRNA levels in the NG-transduced MEL clones (Figs. 2, 3 , and 5) are comparable to the v,-mRNA levels in the transfected MEL cells (30) .
The low levels of v-B hybrid chains in the NG-infected diploid MEL cells could be, at least in part, due to lower stability of y-B than ( chains. j8-globin viruses (,&2 and ,B312) were used to infect MEL cells, and human P-globin chain production was analyzed in the transduced cells by immunofluorescent staining (Table 2) . A higher proportion of MEL 0-virus-infected multiclonal MEL diploid cells contains human globin chains (27.5% and 46%) than NG-infected multiclonal MEL diploid cells (1%). Human 3-globin chains can also be detected in P-virus transduced MEL cells using isoelectric focusing (Fig. 4) . The infected tetraploid cell populations show a higher number of human globin chain positive cells than the infected diploid cells (Table 2) . Similarly, NG virus-infected tetraploid MEL cells result in multiclonal populations that have detectable y-,B chains in 2-3% of the cells (compared with 1% in diploid MEL) by immunofluorescent staining.
Antisense/Sense RNA: Changes During Erythroid Differentiation. Since the genomic globin gene is inserted into the N2 virus in an opposite orientation to the viral transcription unit, the viral genomic RNA complementary to the globin mRNA could act as an antisense globin RNA (Fig. 1) . There is no such antisense RNA in the MEL C population containing a transfected y-f3 gene that produced y-,3 chains in up to 60% of the tetraploid MEL cells. High levels of globin antisense RNA are detected in uninduced NG-transformed MEL cells. This is evident in Fig. 5 where three clones (NG5, NG9, and NG11) are analyzed. The 500-nucleotide protected fragment is obvious in uninduced samples of all three clones, but RNA samples from the same clones induced with HMBA show little or no antisense globin RNA. Concomitant with the apparent reduction in antisense globin RNA upon HMBA induction, there is an increase in y-f globin mRNA (Fig. 5 ). 
DISCUSSION
Retroviral vectors containing human genomic globin genes have been constructed and used to transfer these genes into MEL cells. The transferred genes were expressed at high levels in the form of both globin mRNA and globin protein.
The amount of mRNA we observed was higher than that generated by a y-f3 globin adenoviral vector transduced into K-562 cells (32) and those observed when the p-globin gene was transferred with retrovirus into MEL cells (18) . Our observation of high levels of globin mRNA and the lack of inducibility of viral genomic RNA expression contrasts with the data obtained by Cone et al. (18) . Considerable differences in the design of the retroviral vectors and functional differences between the MEL clones used might explain the contrasting results. Our data established the potential of using retroviral vectors to transfer and express globin genes at high levels in erythroid cells.
We provide evidence of, to our knowledge, the first well-documented production ofglobin protein achieved using the mechanism of retroviral-mediated globin gene transfer (Fig. 4, Table 2 ). The amount of the human ,-globin protein synthesized in transduced MEL cells was at least 10% of the mouse globin level. These data contrast with the results obtained with the original vector containing a composite ry-3 globin gene. A much lower frequency of positive cells was observed by immunofluorescence (Table 1) , and very low levels of synthesis of the y-P chain were observed (data not shown). These low levels of y',3 globin synthesis were observed in cells that were documented to contain high levels of the y,-p mRNA. Hence, we infer that the major factor leading to apparently low levels of protein synthesis with the v,-8 construction is instability of the composite globin in MEL cells.
Both strands of the globin genes in our vectors are transcribed. The sense strand is transcribed from the globin promoter, whereas the antisense strand is part of the transcript originating from the viral long terminal repeat. We have indirect data indicating that the antisense RNA might contribute to the low amounts of y,-chain synthesis. (33, 34) . A lower amount of antisense RNA might be needed to disturb function of complementary mRNA when both RNAs are transcribed at the same location. To determine the role of antisense RNA and its possible influence on protein expression will require more detailed studies using globin gene vectors that do not produce antisense RNA (18, 35, 36) .
